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RESEARCH MEMORANDUM

SOME EFFECTS OF SWEEP AND ASPECT RATTIO ON THE TRANSONIC
FLUDTER CHARACTERISTICS OF A SERIES OF THIN CANTILEVER
WINGS HAVING A TAPER RATIO OF 0.6

By John R. Unangst and George W. Jones, Jr.
SWMMARY

An investigation of the flutter characteristics of a series of thin
cantilever wings having teper ratios of 0.6 has been conducted in the
ILangley transonlc blowdown tunnel at Mach numbers between 0.76 and 1.42.
The angle of sweepback was varied from O to 60° on wings of aspect
ratio 4, and the aspect ratio was varied from 2.4 to 6.4 on wings with h5
of sweepback. This investigatlon represents an extension and reanalysils
of a similar investigation reported in NACA RM I53GlOa. The previous
date are presented again In this paper. More recently obtained date for
some of the wings are also presented as well as data for an addltional
sweep angle of 30°.

The results are presented as ratios between the experimental flutter
speeds and the reference flutter speeds calculated on the basis of incom-
pressible two-dimensional flow. These ratios, deslgnated the flutter-
speed ratios, are given as functions of Mach number for the verious wings.
The flutter-speed ratlos were characterized, in most cases, by values near
1.0 at subsconic speeds with lerge increases in the speed ratios in the
range of supersonic speeds investigated. Increasing sweep effected
increases in the flutter-speed ratios between 0° and 50 followed by pro-
gressive reductions of the speed ratios to nearly 1.0 as the sweep was
increased from.BO to 60°. Reducing the aspect ratio from 6.4 to 2.4
resulted in progressively larger values of the flutter-speed ratlos through-
out the Mach number range investigated. The addltional data obtained in
this investigation substantlally corroborate the trends established in
NACA RM L53GlO=a.

INTRODUCTION

Several flutter investigations have been undertaken in the Langley
transonic blowdown tunnel in order to provide experimentel data on wing

owrs.
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flutter in the transonic speed range. The results of two of these inves-
tigetions are reported in references 1 and 2. - =)

The present investigation represents en extension and reanalysis of
the investigation of reference 2. Since the curves showlng the variation
of flutter-speed ratio (ratio of experimental to calculated flutter speed)
with Mach number for some of the plan forms of reference 2 were deflned
by only a few points, more detailed date were obtained’for these plan _
forms. An additional plan form of aspect ratio 4 with 30° of sweepback
was tested. Both the new data and the data contained in reference 2 are
presented herein. All of the experimental flutter records upon which _
the results presented in reference 2 were based have béen reexamined to
insure uniformity of definition of all flutter points, particularly those
points where the exact start of flutter was somewhat obscure. As a con-
sequence, some of the data presented in this psper differ in detall from
those given 1n reference 2. As suggested in reference 2, additlonal
modes were emplcyed in the calculations of the reference flutter speeds
for some of the wing plan forms, N - =

The plan forms which were tested for thils investigation consisted
of wings of aspect ratio 4 with sweepback angles of 0°, 30°, 45°, and 60°,
Data contained in reference 2 for these plan forms, for plan forms with
45° gweepback and aspect ratios of 2.4 and 6.4 (erronecusly given as
aspect ratios of 2 and 6 in reference 2), and for the plan form of aspect

o .
ratio 4 with 52% of sweepback are also presented in this paper. All .

the wings had e taper ratioc of 0.6 and airfoll sections approximately
L percent thick. The results are presented over a Mach number range
from 0,76 to 1.42, :

LA

SYMBOLS
2
A aspect ratio including body intercept, ﬁEEEEl—
rea
a distance perpendiculer to quarter-chord line in wing semi- )

chords, from midchord to elastic axis position; positive
rearward, 2x5 - 1 - .

(Exposed span)®

A geometric aspect ratlo,

g Exposed ares
b half-chord perpendicular to quarter-chord line, ft } !
by half-chord perpendicular to quarter-chord line at inter- v'

sectlon of quarter-chord line and wing root, ft
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half-chord measured streamwise at intersectlon of wing root
and fuselage, £t

wing chord perpendicular to quarter-chord line, ft

wing root chord perpendicular to quarter-chord line, 72br: ft
wing tip chord perpendlcular to -quarter-chord line, £t
measured coupled bending frequenciles, cps (1 =1, 2, 3)
uncoupled bending frequencies, cps (1 = 1, 2)

measured coupled torsion fregquency, cps

uncoupled flrst torslon natural frequency relatlve to elastic
o 1/2
X
&)

£ 2

h

_'_L - (—L)
ft

bending stiffness, 1b-in.°

axis, f4|1 - (except for 245 wing), cps

tbrsion stiffness, lb-in.2
structurael damping coefficient

structural damping coefficient in bending
structural damping coefficient 1In torsion

mass moment of inertia of wing section about elastic axis,
slug-ft2/ft

reduced frequency, ba/V

length of wing panels outside fuselage, measured along
quarter-chord line, ft

Mach number

mass of wing per unit length along quarter-chord line,
slugs/ft -



Subscripts:

e

R

~ NACA RM L55I1%a

dynamic pressure, lb/sq in,
nondimensional radius of gyration of wing section perpendic-

1/2
uler to quarter-chord line sbout elastic exis, (Ia/mb2>

stream velocity, fps

component of stream velocity normal to quarter-chord line, fps

flutter-speed ratio

distence of elastic axis of wing section behind leading edge,
percent chord N

distance perpendiculer to quarter-chord line in semichords
from wing elastic axls to wing-section center of gravity,
positive for center of gravity behind elastic axis

nondimensional ccordinate along gquarter-chord line, measured
from intersection of quarter-chord line and fuselage,
fraction of length 1

mass ratio, at 7 = 0.75 station, m,/:n:pb2

Tip chord . ,
Chord in plane of symmetry

taper ratio,

angle of sweepback of quarter-chord line, deg
alr density, slugs/cu £t -
angular frequency of vibratilon, radians/sec

angular bending frequency, radians/sec <2ﬁfhi, 2ﬂfbi)

angular uncoupled torsion frequency, radians/sec (2ﬁfa>

semichord ratio, b/by, normal to quarter~chord line,
1 - n(1 - Panel )

experimental values o L

calculeted values (corresponds to subscript A in ref, 4)

W
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MODELS

Model Geometry

The models employed in the present investigation, together with the
models of reference 2, represent a serles of seven wing plan forms
verying in sweep and aspect ratio. Five of the plan forms had aspect
ratios of 4 and sweepback of the quarter-chord line of 0°, 30°, 450,

O le) Q
52% , and 60°. The other two plan forms were swept back 457 at the

quarter-chord lines and hed aspect ratios of 2.4 and 6.4. All wings had
taper ratios of 0.6. All wings had NACA 65800k streamwise airfoil sec-
tions, except the wing with aspect ratio 4 and sweepback of 60° which
was approximately 5 percent thick. The ratio of sting diameter to wing
span varied from 0.3l for the aspect-ratio-2.4 wings to 0.18 for the
aspect-ratio-6.h wings. Drawlngs of the various plan forms tested are
presented in figure 1. Each of the plan forms is designated by a three-
diglt number; the first diglt refers to the aspect ratio to the nearest
integer and the last two diglts refer to the angle of sweepback to the
nearest degree. For example, the wing of aspect ratio 4 with 450 of
sweepback is designated as the 445 wing.

Materiels and Construction

The basic material used in the construction of the models tested in
the present investigation, with one exception, was Compreg wood, a lami-
nated, compressed, resin-impregnated maple. The 400 wing was made of
solld Compreg. The 430 wing had a solid Compreg core wrapped with a
0.006-inch leyer of Fiberglas. The construction of the 445 wing was
changed from the solid Compreg used in reference 2 to a solid Compreg
core wrapped with a 0.006-inch layer of Fiberglaes. Thils was done in an
attempt to assure the attaimment of flutter in the tunnel over the
desired Mach number range. All but one of the 460 wings had a solid
Compreg core wrapped with a 0.018-inch layer of Fiberglas. Ome 460 wing
was made of solid eluminum alloy and was perforated with a series of
holes drilled through the wing to achieve the deslred stiffness dlstri-
bution. These holes were uniformly distrlbuted over the wing plan form
and were filled wilth rubber in order to obtain a continuous wing surface
yithout appreciably altering the stiffnesses of the perforated wing

ref. 3).

The 245 wing of reference 2 had a tapered spar of pine 2 percent
thick, with the grain direction parallel to the quarter-chord line. This
spar waes sandwiched between two layers of balsa 1 percent thick with the
grain direction parellel to the airstream. The 452 wing of reference 2
had a solid Compreg core wrapped with a 0.006-inch layer of Fiberglas.
The 645 wing of reference 2 wagemedesgf ool id magnesium,
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The wings which were wrapped with Fiberglas were made undersize prior
to wrapping in order to obtain the desired thickness, but the streamwise
airfoll sections of the 460 wings averaged a maximum thickness of 5 per-
cent instead of the intended L4 percent after being covered with Fiberglas.

Physical Parameters

Elestic-axis location, section center-of-gravity location, struc-
tural damping coeffilcient in bending, spanwise distributions of mass and
mass moments of inertis, end the frequencies corresponding to the first
three, snd in some cases four, natural moded of vibration were measured.
The elastic-axls locatlons were obtained by determining, as nearly as
possible, the chordwlse position at which a concentrated bending load
produced no twilst in the wing. For the determination of the elastic-axis
locations, each wing was clamped along a line perpendiculasr to the
quarter-chord line and passing through the Intersection of the wing
trailing edge and the root. The mass, center-of-gravity locations, and
mass moments of inertis (or radii of gyration) were obtained from strips
of each wing cut perpendicular to the quarter-chord line. The structural
demping coefficients were determined from the decrement of free bending
vibrations in still air. Natural frequencies were determined from forced
vibratlion tests of the wings rigldly mounted on a massive steel bench.

A more detailed description of the methods of meesurement of these param-
eters 1is given 1In reference 2. -

Values of the geometric and physical properties of the models are
found In table I. For each plen form only one representative set of
DPhyslcal paremeters, with the exception of the natural freguencies, is
presented for each type of model construction. Rach plan form of refer-
ence 2 which 1s included in thils paper 1s designated by reference 2 and
representative values of the natural frequencies of the models of each
plan form are gilven.

In addition to the above properties, measurements were made of the

spenwilse variation of the bending and torsional stiffnesses, EI and GJ,

for some of the models. The method of measurement 1s described in refer-
ence 3. The results of the stiffness measurements are. given in figures 2
to 7. In these flgures, the symbols shown unider Measurement indicate each
attempt at measurement of that particular stiffness and thus the vari-
ations between symbols indlcate the repeatability of the method.
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APPARATUS AND TESTS

Wind Tunnel

The Langley transonic blowdown tunnel, which was used for these
tests, 1s equipped with a slotted, octagonal test section which allows
the tunnel to operate from subsonic speeds through and sbove sonle speed
to & Mach number of sbout 1.45. A plan view of the tunnel, with a model
installed, and a cross-sectional view of the test section are shown in
figure 8.

A variable and continuous regulation of the air flow is allowed by
a set of three plug valves, located between a hlgh-pressure reservoir
and the tunnel, which are operated by a single control. A quick-operating
mechanism closes the valves in approximately 1/2 second.

The test-section Mach number 1s controlled by the valve opening,
which governs the stagnation pressure, and by the size of the orifice
plate installed downstream of the test section. When choked, an orifice
permits a specific test-section Mach number to be maintalned as the
stagnation pressure, and hence ailr density, is veried from the value at
which the orifice chokes to the maximum deslgn pressure, 75 pounds per
square Inch. Since the occurrence of flutter depends on air density as
well as velocity and Mach number, this technique, slong with proper model
design, permits flutter to be obtalned throughout the Mach number range
on the same model. TFigure § shows the varlation of dynemlc pressure as
a function of test-section Mach number for three orifice plates. A suffi-
cient number of orifice plates are avallsble to choke the tunnel over a
Mach number range between 0.85 and 1.4 in Mach number increments of
approximately 0.06. The tunnel may be choked at Mach numbers below 0.85
by attaching inserts to the 0.85 orifice. Mach numbers sbove approxi-
mately 1.4 are obteined by bleeding off part of the alr Iin the tank sur-
rounding the slotted test section. It should be noted that the test-
section veloclty 1s not uniquely defined by the Mach number because of
the variation of tunnel stagnation temperature with initial reservoir
conditions and expension in the reservoir during each run. The tunnel
is equipped with a viewing screen, not shown in figure 8, which allows
observers to watch the model throughout the tunnel operation.

Support System

The wings were mounted at 0° angle of attack on a 3-inch-diameter
cylindricel sting fuselage. A fixed wing root condltion was obtalned by
mounting the wing with close-fitting filler blocks and four 3/8—inch
bolts. Filgure 10 shows a flutter model mounted on the sting fuselage.
The fuselage nose extended into the subsonic flow region of the tunnel
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entrance cone in order to prevent the formatlon of a bhow shock wave and
1ts associated reflection from the tunnel walls onto the model. The
support system was considered to form & rigid mount since the mass of

the system wes very large campared with the mass of a model. The measured
fundemental bendling freguency of the support system was approximately

15 cycles per second.

It will be noted in filgure 10 that there was a small bump in the
sting fuselage behind the model. The shock wave which formed near this
bump at transonic speeds msy, for a limlted Mach number range, hsve
crossed the outer portlons of the more highly swept wings, notably the
460 wings. The absence of any conslstent irregularities 1n the experi-
mental data, however, suggests that the presence of this shock wave had
a negligible effect on the results.

Instrumentation

Each model was instrumented wlth straln gages externsally mounted on
the wing near the root and oriented so as to distingulsh between wing
bending and torsion deflections. However, the gages could not he oriented
80 as to eliminate completely cross coupling between the bending and
torsion signals. The straln geges were used to provide an indlcation of
the start of flutter and to obtaln a record of the frequency of wing
bendling and torsion oscillations. -

During the tests, a multichannel recording oscillograph was used to
make simultaneous recordings of the strain-gege signals, tunnel stagnation
pressure and temperature, and test-section static pregsure. A sample
test record 1s given 1n figure 11 in which the start of flutter is shown
by the change in the wing osclllations from an irregular form to a near
sine wave, the amplitude of which repidly lncreased. During the more
recent tests, the strain-gage signals of each wing were fed into a
cathode-ray oscilloscope, the bending signals to the vertical axls, and
the torslon eignals to the horizontal exls. A simple closed geometric
pattern resulted at flutter, and thus alded the model .observer 1in deter-
mining the start of flutter. o

A high-speed, 16-mm motion-plcture camers (approximately 1,000 frames
per second) was used to obtaln a visual record of wing deflection during
same of the flutter tests. These films served as an aid in defining the
mode shepe and magnitude of flutter.

Tests - R oo -

The objectlves of the wind-tummel test program were to determine
the flutter characteristics of each wing at 0O° angle of attack for
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several transonic Mach numbers. The procedure followed in obtaining
model flutter at a particular Mach number was to increase the stagnation
pressure gradually until flutter was seen by an observer viewing the
model. The stagnation pressure and, consequently, Mach number, were then
held constant for a brief inferval at initial filutter conditions, after
which the alr flow was qulckly stopped in an effort to save the model
from destruction. ©Small adjustments in angle of attack were made when
necessary in order to trim the models to the zero-1ift condition.

METHODS OF ANALYSIS

General Considerations

A true indication of the effects of plan-form variation on the
flutter speed in the transonic Mach number range cannot be obtalned from
a simple comparison of experimental flutter speeds. Because of the oper-
ating characteristics of the tunnel, the density, and hence mass ratio ,
varled for the different Mach numbers at which flutter was obtained. Fur-
thermore, the torsional frequency «, a8 well as the nondimensional

parameters Xx,, &, Iy, and uyn/ug varled for the different plan forms

and, In scme cases, for the different mcdels of the same plan form. There-
fore, in an effort to separate the effects of plan-form and Mach number
variation from the effects of these other variebles, the results are pre-
sented in the form of a ratio of experimental flutter speed to calculated,
or reference, flutter speed Vé/VR as a function of Mach number (as set

forth in ref. 4) for the various plan forms tested.

Reference Flutter Speed

The method of calculating the reference flutter speeds is the same
as that employed in reference 2 which was based on the type of analysis
of reference 4. Briefly, the procedure as applied in this paper employs
two-dimensional incompressible aerodynamic coefficients in a Rayleigh-
type analysis in which the flutter mode is approximated by the super-
position of uncoupled, free vibration modes of a uniform cantilever beam.
The aerodynamic coefficlents are based on the component of the free-stream
velocity normsl to the quarter-chord line. The spanwise derivative of
the velocity potential, appearing in the method of reference 4, has been
neglected. ‘

The effective wing root and tip are defined in the present snalysis
as the perpendiculars to the quarter-chord line at the intersections of
the quarter-chord line with the actual root and tip, respectively.
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The values of k were welghted along the span in accordance with
the wing taper, and the spanwise variation of the Theodorsen func-
tions F(k) and G(k) were approximsted by a straight line between
the root and tip values. The solution of the flutter stabllity deter-
minant was obtained in the form of the structural damplng coefficient g
as a function of Vn/bpma. The structural damping coefficient used was

that measured in bending with the assumption that g, = g4 = &.

The VR calculations of reference 2 were based on a flutter mode

approximated by the uncoupled first bending and first torslon modes of

a uniform cantilever beam. These calculations resulted in flutter speed
ratios which were considerably below 1.0 in the subsonilc and low super-
sonic speed range for wings with relatively high Z/cr retios. Exam-
ination of motion plctures showing the mode shape at flutter, and the
proximity of Whyo to dny Tfor some of the wings, suggested that the

inclusion of higher modes in the calculations might result in better _
agreement between experimental and calculated flutter speeds at subsonic
Mach numbers. Calculations of VR vwere accordingly made uslng the uncou-

pled first and second bending and first torsion uniform cantilever modesg
for the 445, L52, 460, and 645 plan forms. In addition, a four-mode
enalysis was made for s few of the points for the 460 wing, the fourth
mode being the third uncoupled bending mode. Only the first bending and
torsion modes were used in the calculations for the other wings.

The measured frequencies of the predominantly bending modes were
teken to be the uncoupled values, except for the 245 wing, whereas the
megsured frequencies of the predominantly torsion modes were adjusted to
the uncoupled values. For all the wings except the 245, the uncoupled
torsion frequency was inferred from the coupled velues by the simplified
formule given 1n reference 4 and in the Symbols section herein. Since
" the vibration modes of the 245 wing were highly coupled, the uncoupled
torsion and bending freguencles were determined from the measured coupled
."values for thils wing by means of a Rayleligh-type analysls In which the
first three coupled wing modes were expressed in terms of the uncoupled
first and second bending and first torsion modes of a uniform cantilever
beam. A number of calculations indicated that, in comparison with the .
more elaborate method employed for the 245 wing, the simplified uncoupling
formule of reference 4 was entirely edequate for the other wings.

RESUITS

General Comments

Visual observations, examination of high-speed motion-picture films
and oscillograph records, and comparison of flutter frequencies with

|. *




natural frequencies indicated that the flutter obtained in the tests was
of the classical bending-torsion type. The wing osclllations at flutter,
however, did not necessarily show a continual Increase in amplitude with
increasing time, but rather reached a constant amplitude. It was also
noted that the flutter characteristics of the wings at subsonic speeds
differed from those at supersonic speeds. Flutter at high subsonic Mach
numbers, near 0.85, occurred with a relatively large amplitude and low
frequency, whereas at supersonic Mach numbers, near 1.3, the flutter
occurred with a lower amplitude and a higher frequency.

The beginning of flutter was not always as easlly defined as that
shown in figure 11, particularly at supersonic speeds. In many cases,
the oscillograph records revealed a period of intermittent sinusoidal
osclllations in both bending and torsion followed by a periocd of steady
continuous flutter as the tunnel conditions approached and crossed the
flutter boundary. A sample oscillograph record of one of the test runs
showing this kind of behavior is shown in figure 12. For this particular
test run, the beginning of a period of intermittent sinusoidal oscil-
lations in bending and torsion might be chosen near point C for both wing
panels. At point D, the osciliations of the right wing become nearly
sustalned and the frequencles 1n bending and torsion appear identical
so0 that polint D is defined as a flutter polnt. The oscillations of the
left wing, however, remein Iintermittent 1in character until point E is
reached. TFor cases such as that illustrated in fligure 12, a clear-cut
distinction between the period of intermittent osclllaticns and the start
of flutter was difficult to make.

For those cases in which flutter did not exhibit a clearly defined
start, time-history studles of the frequencies present in the bending and
torsion oscillations were made to assist 1n defining the flutter point.
These studies consisted of envelopes of the frequency spectra in bending
and torslon plotted agalnst tunnel dynamic pressure. As an example, a
frequency study wes made for the test record shown in figure 12 and is
presented in figure 13. The frequency values at each labeled point in
figure 12 were determined by counting the oscillatlons over a short perilod
of time (about 0.01 second) at several values of time before and after
the chosen point and are indicated in flgure 13 by corresponding letters.
Any one frequency which seemed to predominate among the various wvalues
obtained is shown as the predominant frequency in figure 13, and the
highest and lowest frequencies obtained are shown as the boundaries of
the frequency envelope. Since the oscillations were counted over & short-
time interval, there is some degree of Judgment involved and the fre-
quency values shown should be considered as only approximete. The points
where the predominant bending and torsion frequencles filrst become equal,
as shown by points E and D on figures 13(a) and (b), respectively, are
defined as fluftter points. The points of initial overlapplng of the
boundaries of the frequency spectra in bending and torsion (point C in
figs. 12 and 13) are arbitrarily defined as the beginning of pericds of
intermittent sinusoidal oscillations which in this paper are called low-
damping regions. These perio terpreted as regions of
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uncertainty in which the wing may or may not have been fluttering. Some
indication of the beginnings of the low-damping regions in relation to
the points of flutter 1s given in the later figures of this paper. It
should be noted that the amplitude of the intermittent oscillations
experienced by the models preceding flutter is dependent upon the aero-
dynamic and structural damping of the models and upon the magnitude and
frequency of the exciting dlsturbances experienced by the models. Since
tunnel turbulence, no doubt, provides most of the excitation experienced
by the models, the magnitude of the intermittent oscillations observed
on the models precedlng flutter is probably not representative of what
would be cobtained 1n free air.

In many cases, the two panels of the same model did not flutter
simultanecusly. This was gquite probably due to differences Iin physical
properties, notably the natural frequencies, between wing penels. 1In
those cases, separate flutter points are presented for the start of flut-
ter for eech panel. It was also noted that more than _one flutter point
frequently occurred during a, single run. The reason for this behavior
is illustrated in figure S which shows that for & glven tunnel-orifice
condition (in this case, the M = 1.25 orifice was installed), the
tunnel-cpereting curve can intersect the flutter boundary curve of a
wing at more than one point. For the example of figure 9, three flutter
points would be obtained during the run (points A, B, and C). In such

cases, each of the points is presented in the data. : -

Presentatlon of Résults - -

The results of the lnvestigatlon are presented in table 1T and are
plotted in figure 14. Table II contains the results of theoretical
calculations and experiments with some indication of the different models
employed, the behavior of each wing panel during a particular test xrun,
and values of the pertinent flutter parameters. Column 1 gives the
identification numbers of the models employed in obtaining the data. A
model designation of reference 2 in column 1 indicates that the data are
taken from reference 2 in which no record was kept of fhe numbers of
individual models of the same plan form and constructlion. Columnsg 2
and 3, respectively, show the run number and the chronology of the data
points during a particuler run. (A single run is defined as one operation
of the tunnel, starting with the opening of the valves and ending with
the closing of the valves.) For example, for a given run in column 2,

a designation of 1, 2, 3, . . . in column 3 refers to the first, second,
third, . . . data point obtained during that run. Colpmns.h and 5 con-
taln a code system describing the behavior of each wing panel at each
data point. The following designations are used to describe the data
points: - o o
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N no flutter

F flutter

D low damping

G strain gages inoperative

E end of flutter with dynasmic pressure increasing

X wing paenel destroyed or not 1lnstalled

Subscripts 1 or 2 attached to these deslignations refer to the first or
second occurrence of flutter on the panel during a particular run. For
example, a series of data points obtained during a given run might be
coded as follows:

Run | Point { Ieft | Right
3 1 Fy Fq
2 Eq Eq
3 Do Do
I Fy Do
5 Fo Fo

Then, from this example, it will be seen that durlng this run: at point 1,
both panels started to flutter for the first time; at polnt 2, both panels
stopped fluttering; at point 3, both panels exhibited behavior which has
been previcusly defined as low damping; at point I, the left panel flut-
tered a second time during the run but the right panel contlnued low-
damping behavior; and at point 5, the right panel fluttered a second time
while the left panel continued to flutter.

Presented in figure 14 are the results of the investigation in the
form of plots of the ratio of experimental to calculated flutter speed
Ve/VR as a Tunction of Mach number for the various plan forms tested.
The low-damping regions are 1ndicated on these plots by dotted lines
extending from the beginning of the low-damping period to the point of
definite flutter. The dlrection of these dotted Iines is Indicative of
the manner in which the speed and Mach number varied as the flutter con-
dition was approached during the tunnel tests. The points indicating
flutter are shown on the plots by means of plain symbols. The polnts
showlng the end of a flutter periocd are indicated on the plots by means
of shaded symbols.
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The followlng paragraphs contaln some general comments concerning
the dats presented in figure 14 for each of the plan forms and, in a few
cases, some observatlons regarding the behavior of the wings during the
tests. It should be noted thet all the data presented in reference 2
were reexsmined for presentation in this paper; hence, some of the data
mey differ in detall from those previously presented.

245 plan form.- The data presented herein for the 245 wings (fig.
14(a) and table II(a)) are taken entirely from reference 2. It should be
noted the espect ratio of this plan form is 2.4t instead of 2 as previously
reported. Low-damping periods could not be determined with any degree
of certainty, becsuse 1t was lmpossible to distingulsh separate bending
and torslion frequencies on the flutter records. This difficulty was due
to the poor orientetlion of the strain gages on this wing, resulting in
flutter records which showed only bending oscillatlons. Consequently,
the data points presented represent only definite flutter points, but
they do not necessarlly identify the precise flutter boundery for this
wing because of the difficulty in determining the exact start of flutter.
All calculetions of the reference flutter speeds were made with a two-
mode analysis.

400 plan form.- The data presented herein for the 400 wings
(fig. 14(v) and teble II(b)) include the results presented in reference 2
and the results of more recent tests. Considerable difficulty was encoun-
tered in obtaining flutter on these wings because of a tendency toward
static divergence. During the attempts to obtain flutter, several of
these models diverged to destruction before flutiering. All calculations
of the reference flutter gpeeds were made with a two-mode analysis.

430 plan form.- All the data presented for the 430 wings in fig-
ure 14(c) and table II{c) were obtained during this investigation. The
data were obtained on five models, the physical parameters of which are
given in teble I(c). All calculations of the reference Fflutter speeds
vere made using s two-mode analysis.

445 plen form.- The data presented for the W45 wings in figure 14(d)
and table II(d) include the data published in reference 2 and data
obtained fram the present Investigation. The new data were obtained on
two models, the physical parameters of which are given in table I(d).
These new data were obtained in order to provide a clarification of the
effect of Mach number on the flutter-speed ratio in the supersonic speed
range. All the calculations of the reference flutter speeds presented
in figure 1%(d) and table II(d) were made using a three-mode anslysis.

452 plan form.- All the data for the 452 wings presented in fig-
ure 14(e) and table II(e) were published previously in reference 2. In
eddition to reexamination of these data, the calculations of the reference
flutter speeds were revised using a three-mode analysis.

At ..
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L60 plan form.- The data presented for the 460 wings in figure 1h(f)
and table II(f) include the data published in reference 2 and data obtained
during this investigaetion. The new data were obtained in order to clarify
the location of the flutter boundary in the subsonic speed range. The
flutter obtained on this plan form in the subsonlc speed range was very
violent and frequently caused the Compreg-wood wings to crack within the
fuselage block near the root. Ignorance of the existence of such a con-
dition may explain the two points at M =~ 0.83 which are below the curve
in figure 14(f). The calculations of the reference flutter speeds were
mede using e three-mode analysis.

645 plan form.- All of the data presented for the 645 wings in fig-
ure 1k(g) and table II(g) were published previously in reference 2. It
should be noted that the aspect ratio of thils plan form is 6.4 instead
of 6 as previously reported. In addition to reexaminstion of these deta,
the calculations of the reference flutter speeds were revised using a
three-mode analysis.

DISCUSSION

Effects of Sweep on the Flutter-Speed Ratio

The effects of sweepback angle on the variation of the flutter-speed
ratio with Mach number are shown in figure 15 for wings with aspect

o
ratio of 4 and sweepback of 0°, 30°, 450, 52% , and 60°. This figure

shows the faired curves of figure 1li for the appropriate plan forms.
Examination of figure 15 shows that the results obtalned from this inves-~
tigation are similar to those given in reference 2 in that Ve/VR is
near 1.0 for subsonic Mach numbers, Vg/VR increases with Mach number
for supersonic Mach numbers, and the effect of Mach number on Ve/VR is
considerably reduced for wings with large sweepback. Figure 15 shows
that the flutter-speed ratio increases as the sweepback angle is increased
from O° to 30°; further increases in the sweepback angle from 30° to 60°
are shown to result in a progressive reduction in the flutter-speed ratio
to values which are near 1.0 throughout the Mach number range for the

60° sweptback plan form. Contrary to the results reported in reference 2,
the date for the unswept wings are seen to fall below the curve of Ve/VR
plotted against Mach number for the U5° swept wings at supersonic speeds.
The difference in the trends shown herein as compared to those of refer-
ence 2 results from the more complete data presently avallable for the
45© swept wings and not from any beslc change in the data for the unswept
wings. On the other hend, difficulty was experienced in obtaining flut-
ter on some of the models of the unswept wing because of a strong tend-
ency toward static dlvergence. The probgsbility therefore exists that the

i
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flutter boundary of the wing may have been affected by the divergent
tendencies. In any case, there appears to be & need for further study
of low-aspect-ratlo unswept wings and the effect of varlatlons in sweep
angle between 0° and 30°.

Effects of Aspect Ratio on the Flutter-Speed Ratio

The effects of aspect ratio on the variation of the flutter-speed
retio with Mach number are shown in figure 16 for wings with sweepback
of 45° and aspect ratios of 2.4, 4, and 6.4h. This figure shows the
faired curves of filigure 14 for the appropriate plan forms,

Figure 16 shows & large increase in flutter-speed ratio at the higher
supersonic Mach numbers investigated as the aspect ratio is reduced from
6.4 to 4., It will be noted that e similer large increase in flutter-speed
retio 1s shown in the subsonic region as the aspect ratio 1s reduced
from 4 to 2.4, This fairly large increase in flutter-speed ratio which
accompanies a reduction in aspect ratioc from 4 to 2.4 is probably due, at
least in part, to inadequacies in the aerodynamic coefficients employed
in the reference flutter-speed calculations, although other uncertainties
arise in the attempt to treat the 245 wing as a simple beam.

Effects of Additional Modes on the Reference Flutter Speed

The results presented in reference 2 showed that for certain of the
plan forms the values of the reference flutter speeds obtained using two
modes in the calculations tended to be too high, thus yielding poor agree-
ment between calculated and experimental flutter speeds. Consequently,
in the present peper calculations of the reference flutter speeds were
made using three modes for the 445, 452, 460, and 645 plan forms in an
attempt to improve the agreement between V., and VR. A comparison of
the flutter-speed ratlos calculated with two modes and with three modes
is shown in figures 17 to 20. In all cases, the addition of a third mode,
the second uncoupled bending mode, iz seen to result in reduced values of
the reference flutter speeds and corresponding improvements in the agree-
ment between Ve and VR at subsonlc Mach numbers. It will be noted

from figures 17 to 20 and table I that the effect of the addition of a_
third mode 1s related to the ratio of second bending to first torsion
frequency. Within the range of the wings considered herein, the lower
the second bending frequency with respect to the first torsion frequency,
the greater 1s the effect of the addition of a third mode. The addition
of a third mode is seen to have relatively little effect in the case of
the 445 wing. Since the ratios of second bending to first torsion fre-
quencies of the 400, 430, and 245 wings were even higher than was the
case for the 4h45 wing, only two modes were used in the analysie of these
wings. The addition of a fourth mode, the third uncoupled bending mode,
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to the calculations for the 460 wing is seen in figure 19 to have little
or no effect on the reference flutter speed.

/.,/'

-

Application of the Flutter-Speed Ratioc

As pointed out in reference 2, caution should be exercised in
applying the flutter-speed ratios to the determination of the flutter

speed of wings which have values of wh/@m’ 'xa, &, Ty, and p much

different from those which characterize the wings of the present inves-
tigation. It might be hoped that the reference flutter-speed calcula-
tions, as obtalned in the present paper, have adequately removed from
the results the effects of such variables as the center-of-gravity posi-
tion, and that the curves of Vg/VR against Mach number are a function
of plan form only. It is not entlrely evident, however, that such 1s
the case and 1t is thought that further investigetion of particular wing
plen forms having different values of the various pertilnent parameters
which are used in the reference speed calculetion are required in order
to establish the applicabllity of the results obtained.

Modified Experimental Flutter-Speed Coeffilcient

In order to provide some physical idea of the reletlonshlp between
wing torslonal frequency, flutter speed, and flutter mass-density ratio,
figure 21 has been prepared. In this figure, falred curves of an exper-
imental flutter-speed coefficient corrected for mass-density ratio

VQ/BS@&VE; are shown as a function of Mach number for all the plan forms

tested. The values of the experimental flutter-speed coefficient, its
components, and the values of Mach number used to obtaln the data points
through which the faired curves of the figure are drawn were taken from
tables I and II. It should be noted that curves of the parameter
Ve/bsquE; against Mach number Implicitly contain the effects of such
important parameters as radius of gyration, center-of-gravity position,
and frequency ratio. The data of figure 21 indicate, except for the
245 wing, a spread of about 30 percent in the parameter Ve/bsmmVEg at
subsonic speeds with the 400 wing having the highest and the 460 wing
the lowest values. TFor a glven mass ratlo, wing chord, and torsional
frequency, the flutter-speed coefficients for the 245 wing are in the
order of twice as greast as that of any of the other wings. In general,
the varlation of VQ/bQQIWIg with Mach number seems to be about the
seme as the variation of flutter-speed ratio Vg/VR with Mach number.
(See figs. 15 and 16.)

An interesting applicatlon of figure 21 may be seen if, for a given
plan form, the coefficlent Vg bsunE; is evaluated and plotted against

!
i
\
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Mach number for velues of Ve, He, and Mg corresponding to flight-
conditions rather than flutter conditions. Some results of such an appli-
catlon are shown in figure 22, in which two example flight paths are
shown in relation to the flutter boundary for the 445 plan form. The
straight-line flight path indicates the relation between velocity and
Mach number for constent altitude operation, with the slope of the line

being given by a/bsqupe (The speed of sound corresponding to the

given altitude is glven by a.) The flight peth indicated by the curved
dashed line corresponds to a high-speed dlve. Any intersectlons of these
flight paths with the flutter boundery of the plan form considered indi-
cate a flutter condition. It should be noted that, for constant altitude
operation of a plan form whose flutter boundary is charscterized by =
"knee," as at A in figure 22, the minimum asltitude at which the wing
wlll be flutter free throughout the Mach number range for which data are .
glven is the altitude corresponding to the stralght-line flight path
which Just misses the knee of the flutter boundary. For wings such as
the 460, however, no knee exists in the flutter boundery shown in fig-
ure 21, at least within the scope of the data présented. Therefore, any
constant altitude path plotted for the 460 plan form on figure 21 will
intersect the 460 flutter boundary at some Mach number. If, for any of
the plan forms shown in figure 21, a high-speed dive 1s executed, an
intersection with the flutter boundary may occur at the highest Mach
numbers for which data are given, even for wings whase flutter boundaries
are characterized by knees in the transonic range.

CONCLUSIONS

The results of an investigation of some of the efffects of wing sweep
and aspect ratio on the flutter characteristics of & series of thin canti-
lever wings at transonic speeds indicaeted the following conclusions:

1. The variation of flutter-speed ratio with Mach number was charac-
terized, in most cases, by flutter-speed raftios near 1.0 at Mach numbers
near O. 8 and an lncrease in flutter-speed ratioc in the supersonic region
up to Mach numbers near 1.k,

2. The rate of increase of the flutter-speed ratio with Mach number
in the supersonic region Increased as the sweep angle was increased from
0° to 30°, and then progressively decreased as the sweep angle was
increased from 30° to 60°.

3, Reducing the aspect ratio from 6.4 to 2.4 resulted in progres-
sively larger values of the flutter-speed ratio throughout the Mach
nunber range of thils investigation.
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L. The use of the second uncoupled bending mode in addition to the
uncoupled first bending and torsion modes in the reference flutter-speed
calculations resulted, in many cases, in better agreement between the
calculated and experimental flutter speeds at subsonic Mach numbers.

Lengley Aeronautlcal Leboratory,
National Advisory Committee for Aeronautics,
langley Field, Va., September 9, 1955.
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TABLE I.- PHYSICAL PROPERTIES OF MODELS

(a) 245 Plan Form

Model of :
Parameter Rep. o . Model of Ref. 2
NACA section| 65A00k4 X, a rae m g
A 2.4
A, deg L5 0.05 |~0.64 | 0.53 [0.66 |0,00217 | 0.98425
" 0.6 15 1 <66 .55 | .69 | .00207 | .95275
Panel A 0.685 25 | =681 57T .72 .00198 | .92125
Span, Tt 0.808 .35 ] =.70] .59 | .7k | .00189 | .88975
A 0.91 A5 | 72| 61| .77 | .ooi79 | .85825
g . 55| -1k | .63 | .80 | .oo170 | .82675
1, ft 0.306 651 -.761 .65 .83 | .o0161 | .79525
br, Tt 0.129 751 -.781 .67 .86 | 00152 | 76375
bs,. ft 0.183 .85 | -.80| .69 | .89 | .001k3 | .73225
gh 0.023 95 =82 71| .92 | .00134 | .TOLTS
Frequenc Model of Ref., 2
CAUCHCY Teft and right
Thy 135
Tns 630
Tty 125
£

by 149
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TABLE I.- Continued
(b) 40O Plan Form
berameter Model no. 1 and Model of Ref. 2;4odel no. 1
Model of Ref, 2| { T X, a r,2 n 6
NACA section 635400k
A L 0.05 | 0.1k | -0.23 | 0.2k |0.00738 | 0.98285
A, ieg 006 A5 .12 -.22 1 .25 | .00716 | .9h855
. 25| .11 -.21| .26 | .0067L | .91k25
Panel A 0. 657 .35 .09 =19 | .27 | 00617 | .87995
Span, ft 1.1hk2 L5 .08 -.18 | .28 | .00563 | .84565
g 1.65 55| .06 -.16 | .28 | .00509 | .81135
bz, ft 0.Lk45 651 .05 -.15| .28 | .00455 | .77705
r, ft 0.163 .75 | .03 -.13 | .27 | .o0ko0 | .T7h275
by, ft 0.163 85| .02 -.11 | .25 | .00345 | ,70845
g, 0.02 .95 1 .00k | ~.10 | .2k | .00201 | .67415
Froquency |Modelof Ref. 2 'Model no. 1
AUERCY FTeft and right | Left [Rignt
fhy 1h7 k7 | 15k
I'hg 630 680 25
Ty Lo7 390 | Lok
faq %02 385 | 399
(“hp/%q)? 0.133 0.146| 0.149
(Pny/%eq)? 2.456 3.120| 3.295

TeTIELocUTvIRG Y R S
. [ 2aalni w
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TABLF I.- Continued
(c) L30 Plan Form
Parameter |Models 1, 2, Modelno. 1 (right)
3, bk, and H ] o _ 5
NACA section| 65A00k %o * ta
N 3 b 0.05 [0.09 | -0.16 | 0.22 |0.00864 | 0.98285
s deg 806 .15 | 0B | —.15| .23 | .o0781 | .9u855
p 25 | o7 -kt .23 | 00718 | .91k25
SP enel ff; 2‘ iig 35| .05 | 12| .23 | .ooss8 | .87955
pzn, e s ook | -1 | Lek | .oogoe | LB4SES
g -t 55| wee | —.10| .2h | _oossh | 81135
1, Tt 0.515 65| .0l -.081 .2k | .00510 | .TTT705
by, 1t 0.149 .5 |-002| —oo7| .2k | Lookio | Lkes
by, Tt 0.163 85 |- 02 | 06| .2k | .o0k32 | .70845
g, 0.036 .95 =03 | —ob| .22 | .0039k | .67M1S
- Model no, 1 Model no, 2 vodel no, 3 Model no. 4 Model no. 5
CAUENCY T Teft | Right | Ieft | Right | Left | Rignt | Left | Right | Left | Right
fhl 107 108 102 68 103 102 102 98 102 103
fhg 501 hag 508 470 525 520 510 510 470 480
Ty 350 | 339 | 370 | 3ho | ke | 350 | 328 | 3k | 350 | 3k
fay 39 | 338 | 369 | 339 | 341 | 39 | 327 | 31 | 3b9 | 339
(‘“hl/mocl)2 0,0939 | 0,1020{ 0.0763 | 0.083k4 | 0,0911 | 0.0853 | 0.097L | 0.0825 | 0.0853 | 0.0922
(%2/%1)2 2.0607| 2.1795 | 1.8953 | 1.922% | 2.3704 | 2.2201 | 2.432) | 2.2368 | 1.8136 | 2. 0048

e

+
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TABLE I.-

(d)

445 Plan Form

Continued

P Models ©
aremeber Iie;deé Model of Ref. 2 Model no. 1
! 2 T, 2 m 0
NACA section| 654004 ¥ a o m ot a a
A ge l;g 0.05 | -0.02 | <0.07 [0.22 [0.00561] 0.037 | -0.117 | 0.233 |0.00733 |0.98285
» o8 e 5| .on| -0 | .22 | .00527| .030 | -.110| .23k | .006%8 | .0k8%
Panel % | 0.6 o5 [ Job[ -.13 ] .23 [ .004G3| .003 | =102 | .235 | .00576 | .91k25
. '27 .35 | 07| .15 | .2k | oobs8| .06 | -.095 | .236 | 00516 | .879%5
Span, Tt LI k5 | oo | -8 | .oh | Looh2h| .009 | -.088 | .237 | .ooh72 | 84565
Ag 1.65 550 .12 -.21 | .25 | .00389) .o02 | - 082 | .238 | .00k35 | .81135
i, Tt 0.630 || 65| .1m| -.2k | .26 | 00355 =.005 | =074 | .23g | .00LOT | 77705
br, £t 0.3223 |1 .75 L7 | w26 | 26 | L0032L| -.012 | -.067 | .2ho | .00382 | .7h2TH
bs, £t 0.163 )] .85 ,20 1 =29 | .27 | .00286] -.018 | -, 060 | .24l | .00361 | .T70855
En 0.020 || .95 23| 32} .28 | L0052 | -.025 | -.053 | .2ke 7.90343 .57&15
Frequency Modelof Ref, 2 , Model No, 1 Model No. 2
Left and right | Left | Right | Left | Right
Thy 85 &7 64 8 73
f
L2 hee 35T | 367 | 399 | 387
ftl 370 356 k2 38% 376
&1 361 35 | 32 | 380 | 378
(%hg /%0y ) 0. 059 0.035% | 0.0350 | 0.0402 | 0.0373
(Thy/Taq )" 1.638 1,006 |1.151 | 1.053 | 1.049

VN
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Model of
Parameter Ref. 2
NACA section | 65400k
A L
A, deg 52.5
A 0.6
Panel A - | 0.657
Span, ft 1.1k2
Ag 1.65
1, ft 0.732
br, £t 0.107
bg, ft 0.163
&n 0.021

TABIE I.-

(e)

.....

Continued

452 Plan Form

NACA RM 155Il3s

Model of Ref. 2
1 >
Xy a Ty, m g
0.05| 0.37 | -=0.L4k [0.27 [0.00573 |0.98285
.15 .30 =371} .27 | .00538 | .94855
.25 L .31 ] .29 | .00503 | .91hk25
.35 L7l =2k | .32 ] L00L68 | .87995
A5 11 =18 .29 | .0o0k33 | .84565
.55 Lo} <011 | .27 | .00398 | .8l135
.65 | =0.02 ] =.05| .27 | .00363 | 77705
151 -.09 | 0.02 .28 | .00328 | .T4275
85 -.15 .08 | .30 | .00293 | .70845
LO5 | w22 .15 1 .31 1 .00258 | .67415
Model of Ref. 2
Frequency Left and right
Thy 61
Thas 300
Ty 370
fa.l 366
(“n7 /1) 0.0282
(Pnp /%y )2 0. 6717




TABLE I.- Contlnued

2
(f) 460 Plan Form w
2
prramoter |Models 1, 2, . Models 1, 2, 3, and L Model no. 5 .
3, by end 5 S N - T I IO I 5 W
NACA section| 65A00L4 O
A Lo 0.05 | 0.21 |-0.31 |0.26 | 0.00465 | ~0.136 |0.040 |0.230 [0.00730 |0.98285 e
A, deg 60 A5 Lk | =23 | L2k | .o0k38 ) - 1Mk | Lok8 | 231 | .00668 | .94855
by 0.6 251 .07 | =16 ] 23] 00410 ) -.152 | 056 | .23% | .00612 | .9lken
Panel : 0.657 .35 | = 004 -0 | .23 | .00383 | -.160 | .063 | .237 | .00562 | 87995
Span, ft 1.1ke A5 [ =08 | w02 | .2k | .00356 | - 167 | .O7L | .2k6 | .00518 | .84565
g 1.65 .55 | =.15 05 27| 00334 | -.175 | LO79 | .25T7 | .o0k79 | .81135
1, £t 0. 892 65 | =22 120 .30 | 00320 | -.183 | L0887 | .252 | Joobk2 | 77705
br. Pt 0,086 .75 | =.29 G 1 .35 L0031k | -191 ) L0955 | L2h2 | Lookoo | .7heTS
_ 0.163 85 | =36 | .26 | .43 | (00301 | -.199 | .103 | .235 | .00335 | .70845
8’ - g5 1,13 .33 1 .51 00283 | -.207 | .110 | 232 | 00305 L6715
L g’h 0.(_){_:( | =7/ - Tl J0 A J i J e | T/
Tre Lenc Model no. 1 Model ne. 2 Model no. 3 Model no. 4 Model mo. 5
GUERSY TTeft | Rignt | Teft | Right | Left | Right | Left | Right | Left | Right
Thy 3.5 1 39 | 395 1395 |39 b3.5 | k1 b3 36.5 | 37.8
| fh, 178 195 193 | 189 202 210 205 205 175 178
fh3 _ 510 — | — _ 25 410
oy 363 | 310 b30 | 390 [ 390 [ bar | k30 | 335 | k52 |hBo
faq 355 362 b2l | 38 382 NP k21 26 he3 e
@ﬁﬂ%ﬁ 0.0094% [ 0.0093 | 0.0088 | 0.01L07 |0.0L0k | 0.0111 | 0.0095 | 0.0L02 |0.0065 0. 0062
(Pnp/®g )2 | 0.2514 | 0.2901 | 0.2101 | 0.2447 [0.2795 | 0.2598 | 0.2371 | 0.2789 | 0.1063 0.1376
(") | — (198 | — | — | — | — | — | — lo.885 | 0.7299 N
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Parameter Modelof
Ref. 2
NACA section | 65A00k4
A 6.4
A, deg L5
r 0.6
Panel A 0.6L6
Span, ft 1.400
g 2.75
1,%5¢ 0.813
br, ft 0.Cgh
bg, £t 0.127
&, 0.013

Ty

NACA RM I55I13a
TABIE I.-~ Concluded = - = o
(g) 645 Plan Form "
Model of Ref. 2
n -
b9 a a m o

0.05| 0.15 |=0.25| 0.26 [0.00480 [0.98230
15 .15 | -.24) .26 | .00k37 | .94690
251 J1h | -.23) .25 | .o0kOk | .91150|
.35 .13 | -.23] .25 | .00381 | .87610
As )13 -2 W2k | L00362 | .8kOT0
551 .12 | -.21} .24 | .00335 | .80530
651 J11 | .21 .2k | .00302 | .76990
751 W11 | .20 .25 | 00266 | .T73450
.85 .10 | -.20| .28 | .00243 | .69910
.95 .10 | =.19] .33 ] .00226 | .66370

Frequency

Modelof ref., 2

Left and right

L6
227
522
502

0. 0083

0.2021




TAHIE IT.,- COMPILATION (F AMALYYICAL AND TE£T HESULNS

Wing penel behavior code: P — flutter X ~ end of fluttar (dynamic [ressurs increasing)
N = nn flotter G — strain gages not working
D — low dempling X — Ving panel deatroyed or not installed

Subsaripta: 1 — ssmoniated with first occurrence 2 — Rssociated wlth second octurrence
of flutter during the ram of Tlutter duriug the run

(a) 215 Plan Form

BETIIGOT WY YOVN

Tﬁf P & = * g/ v ﬁR v Vg q

Modal FFPoimt §luge radisne | @n M, radiens | radians . = L)
e Left | Right Y | Tal%E cu Tt b Ve nec pec sec = ftfsec |f/nec | Bymy | Boay n/re?

Ret. 2)| 1| 1 r ¢ |o.eEy| . o.00wL [ 12.13] .08 | 1865 |1.180| 1965 | w88 | 0.85T | 896.0 | GB3.T|kaAT| 3.18 | 1646
tref | 1 | T om | e L7 | ot |08 | 326 | 1eea |1aee| 108 | 1 ool | 6.6 | exB.8| k6| S.om | 21m
" 3] 2 L r 1,138 1.&7 .0039 | 12,80] 3,78 | 1665 | 1,170 | 1043 1647 | .M |20%2.7 | 697.1( 5.09 3.33 2328

" 9 1 T ri 1,139 | L.5m7| .003L|16.1%| ko2 | 1669 {1,133 | 1886 3 .929 |110L.3 | T6L.2] 3.13| 3.3 1862

" 5 1 T .} 1,186 | 1.m8| .o035 | 1k 15] 3, 1655 | 1,183 | 1920 1860 | 969 {11317 [ 726.6 5.27| 3.38 | 2eMl

" 6 1 !‘i .| 1,906 1,601 | .o03% | 1k bs 3.% 1565 | 1,153 | 1920 1ok | 1.008 [1283.1 | 7e6.6] 5.k2| 3.38 | @3€7

" 7 1 ¥y N 1.802 | L.666 | L0035 | 115|376 | 1665 | 1.1%3 | 1920 1973 | Loed|1210.7 | Te6.6( 5.6k | 3.38 | 2365

" 8 1 ), Py | 1.308{ 1732 | 0039 12.98 360 1685 | 1,170| 1948 1923 | .987|1e07.7 | E9T.1] B.G2| 3.23 | oGk

" 9l 1 M| m | 1e67|1.6713| 0038|1300 360 | 1865|1168 ks | 200k | no30|L27r.2| T03.B| 2.MA| 3.28 | 2633
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Figure 3.- Measured variation of bending and torsional stiffness along
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Figure 5.- Measured varilation of bending and torsional stiffness along
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VR with two bending and one torsion degrees of freedom
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460 plan form when two, three, and four degrees of freedom were used
in computing the reference flutter speeds.

Vi

BCTTSEST W VOVN

LS




1.6 T T | T ! T T T T T
YR with two bending and one torsion degrees of freedom

ole

O Flutter
~—=0 Flutter preceded bty low damping
® End of flutter with dynamic pressure increasing

Gy -

1.4 —
VR with one bending and one torsion degrees of freedom %
\l
[ O Flutter } -
= — — L[] Flutter preceded by low dsmping Q 1
M End of flutter with dynsmic pressure increasing \
1.2 }—
Ve 1/ G‘l
= . X
- - R4
L 0|}
1.0 G i e
P | o ®BEeD .
C;____-q:r—rﬁ{)—-—-*"‘ e o)
Sus
8 ann. . O 2:=T: D.——r"l'//
s O == .
1 - 0
.6
T .8 .9 1.0 1.1 1.2 1.3
Me

Figure 20.~ Variation of flutter-speed ratio with Mach number for the
645 plan form when two and three degrees of freedom were used in com-
puting the reference flutter speeda,
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Figure 21,- Variatlon with Mach number of an experimental flutter-speed
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coefficient for plan forms tested.
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Figure 22.- Flubter boundary and hypothetical flight patha for 45 wing

V.
1n terms of variation of —=—— with Mach number.
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